Background: Despite the widespread use of actigraphy in pediatric sleep studies, there are currently no age-related normative data.
Introduction
Sleep patterns in children and adolescents are a critical marker of health and well-being. As such, it is important for normative data to be available in relation to measurement of sleep patterns across the pediatric age range. Although it is recognized that the appropriate method for sleep measurement is determined by the goal of the study or assessment, obtaining accurate estimates of sleep from infancy to adolescence-particularly in large cohorts-has inherent challenges. Polysomnography (PSG) is the gold-standard in sleep measurement. It consists of recordings from at least four channels (electroencephalography, electromyography, and two electro-oculography), from which sleep states are manually scored by a trained expert. Although PSG provides detailed information about the stages of sleep, sleep quantity, and sleep quality [1, 2] , it is expensive, obtrusive, and is best conducted in a laboratory setting. This makes it difficult to assess sleep in large cohorts and it is virtually impossible to assess sleep using PSG continuously over long periods.
One method that is particularly applicable to field-based studies, because it provides more objectivity than questionnaires or sleep diaries, but without the complexity of PSG, is actigraphy [3] [4] [5] . Actigraphy is a single-channel behavior monitoring system that exploits the relative absence of movement as one of the fundamental behavioral and physiological markers of sleep and is recognized as an effective and widely accepted tool for recording sleep. However, rather than directly measuring sleep-wake patterns, actigraphy devices infer sleep and wake based on the absence or presence of movement, respectively. The devices are small and unobtrusive, are commonly worn on the wrist like a wristwatch, and record sleep-wake activity continuously within the child's normal home sleeping environment. Actigraphy causes minimal disruption to sleep [6] and is relatively simple to administer, thereby overcoming some of the key limitations of PSG. The conventional actigraphy unit incorporates an accelerometer-based motion sensor, a microprocessor and memory for data storage. An algorithm (e.g. time-abovethreshold, zero-crossing, and digital integration) is applied to accelerometry data to summarize the overall intensity of measured accelerometry data across defined epochs (usually 15, 30, or 60 s) as "activity counts," which are then recorded on the device [4] . A second algorithm is then used to score sleep and wake on the basis of activity counts. Although these algorithms vary by the population, device, and the site placement, most work in a similar fashion by defining each epoch of recorded activity (using a sliding window) as either sleep or wake by weighting the activity scores of the surrounding minutes [7] . Actigraphy is not without its limitations and certainly cannot replace the preciseness of PSG for sleep-wake discrimination, nor PSG's ability to discriminate between sleep states.
Many of the problems facing accuracy of measurement in children are inherent within the field of actigraphy itself [7] . Misclassification in sleep-wake detection occurs where periods of high activity during sleep are erroneously classified as wake, and low activity during wakefulness is erroneously classified as sleep. Variability is also encountered in different devices, placements, sensitivity settings, and statistical weightings used by different algorithms [7] . Typically, studies validating actigraphy against concurrent PSG recordings in children and adolescents show good agreement for the detection of sleep (good sensitivity), but not wake (poor specificity) [3] . Although combining several forms of sleep measurement would balance the inherent limitations of each, this is often not possible in both research and clinical studies, and as such actigraphy is frequently used in isolation. In pediatric research, actigraphy devices have primarily been used for assessing habitual sleep-wake patterns and sleep quality in healthy participants. Within a clinical setting, they can be useful for discriminating between circadian disorders [4] , identifying insomnia and hypersomnia, and identifying significant sleep disturbance in children with chronic medical conditions [5] .
Most of our understanding of developmental sleep-wake patterns from birth to the end of adolescence has been derived from parental report (questionnaires or diaries) [8] [9] [10] [11] . However, such parental reports are subjective and susceptible to reporting biases when compared with more objective measures. For example, parents overestimate their child's sleep and underestimate the length of their nighttime awakenings [12] [13] [14] . Actigraphy can provide estimates of sleep onset and sleep offset to define both sleep quantity and sleep quality more accurately than diaries or questionnaires; the latter rely on parents to accurately report their child's sleep-wake variables.
These limitations of parental report and widespread use of actigraphy provide clear motivation to establish normative values using actigraphy data from healthy children. Actigraphy devices can support large-scale and longitudinal studies and could provide a rich data source for describing developmental patterns of sleep more accurately than subjective data. However, although no age-related normative values for actigraphy variables across the full pediatric age range exist [7] , the field has seen a growth in studies published over the last decade utilizing actigraphy to measure sleep in children. Thus, a panel of pediatric sleep experts from the Australasian Sleep Association was convened to conduct a systematic review of the sleep literature and meta-analysis of normal values of actigraphy-derived sleep variables from studies of healthy children across the pediatric age range. Actigraphy has rarely been used to capture 24 hr sleep-wake patterns (i.e. most recordings in infants and young children do not include daytime napping), and this analysis was restricted to nighttime sleep-wake patterns. The aim of this study was to pool data and conduct a meta-analysis as a first step towards establishing normative estimates of child nighttime sleep assessed by actigraphy and to examine these in relation to sleep-wake developmental trends. More specifically we aimed to clarify the extent to which age influenced key actigraphy sleep variables, and the differences encountered when data were collected over the weekend as opposed to weekdays.
Methods

Search strategy
Articles reporting on pediatric sleep collected via actigraphy and published prior to January 2016 were sourced from PubMed, Ovid Medline, PsycInfo, Scopus, Embase, CINAHL, Web of Science, and Cochrane Library databases by two authors (M.F.-O. and B.C.G.). The search was updated on June 1, 2017. Potentially relevant articles were identified using the keywords sleep and infant (age 0 to 23 months) or child, preschool (age 2 to 5 years) or child (age 6 to 12 years) or adolescent (age 13 to <19) and actigraphy. Titles and abstracts were examined by seven co-authors to extract potentially relevant articles, each of which was downloaded and examined against the inclusion or exclusion criteria as described in Table 1 . There are currently many actigraphy instruments on the market, including the newer consumer targeted commercial sleep tracking devices and apps-most of which have not been validated. The emphasis for the data analyses was on studies using actigraphy for research and clinical practice, i.e. studies using devices primarily targeting a consumer market, and were not FDAapproved, were excluded. It is important to note that, within the actigraphy field, there is a lack of standardization of scoring rules for sleep, made difficult by the variety of proprietary hardware used utilizing different sampling rates and algorithms. To facilitate the pooling of actigraphy data for this study, it was impossible to take all these differences into account.
Study selection
From each of the articles meeting inclusion or exclusion criteria, the following information and data were extracted by seven coauthors based on published guidelines for actigraphy use in the pediatric population [15] and following consensus agreement: (1) article information (author, year of publication, country and region of origin, and study design); (2) [WASO] , and the frequency of nocturnal waking). In this study, sleep duration, also referred to as sleep period time (SPT) in some studies, is defined as the elapsed time (hours, minutes) between sleep onset and offset, and thus excludes sleep latency. TST, also referred to as true sleep time, was extracted from studies defining this as the amount of time between sleep onset and offset scored as sleep (thus excludes wake). Sleep efficiency was defined by studies as either (TST/TIB) × 100 (expressed as percent) and thus includes sleep latency, or as (TST/SPT) × 100 (expressed as a percent) that excludes sleep latency, and these definitions were reported separately accordingly.
Only values extracted from the data for a particular sleep variable as presented were included. If the age range of included participants was not given, the range was estimated from the SD. If the article presented data stratified only by male or female, or only by weekday or weekend or nonschool day, results were pooled according to formulae for combining groups for sample size, mean, and SD as appropriate [16] . Within a single metaanalysis and where data from a longitudinal study were eligible, we took one time point to avoid bias by overweighting; the first time point was chosen based on the rationale that the participant information would match most closely to this time point. Where there was uncertainty about participant overlap in studies, authors were contacted to provide clarification. Some studies with participant overlap provided data for different sleep variables, meaning the overlapping studies could be retained as part of the database of articles contributing to data syntheses. This involved four articles from two cohorts [17] [18] [19] [20] .
Data analyses
All analyses were performed using Stata/IC 14.2 (Statacorp LP, College Station, TX). Meta-analysis was performed using the mean and standard error (SE) for each study to produce the pooled estimate mean and the 95% confidence intervals (CI) using fixed or random-effects models as appropriate and weighted by inverse variance. As most data describing variability were given as the SD, the SE was calculated before pooling the data by using the number of participants for each study. A shortage of data for appropriately integrating data from infants aged 0-2 years into narrower developmental age bands meant that nine studies were excluded from the meta-analysis, a posteriori (as detailed below). Studies that were eligible for meta-analysis were stratified into five age categories (3-5, 6-8, 9-11, 12-14, and 15-18 years) for each sleep variable (depending on the supply of data). Forest plots were used as a graphical display of the strength of the individual studies, age groups, and entire analysis contributing to the pooled mean estimates. Between studies, heterogeneity was assessed using the Cochran Q statistic, and inconsistency measured by I 2 (the percentage of total variation across studies that is due to heterogeneity rather than chance). A p > .01 for the Q statistic, or I 2 < 50 per cent, was taken as an indicator of low heterogeneity to allow a fixed-effect In studies where clinic patients or special population groups were compared with controls, only the control data were used 7. In studies where an intervention was implemented, only preintervention data were used 8. Where more than one published report used the same study participants, we included the report with the most detailed information 9. The study did not separate nighttime from daytime sleep model in meta-analysis, otherwise a random effect model was used [21] . Meta-regression analysis (weighted by inverse variance) was conducted to determine age group effects for each sleep variable. We also used fractional polynomials together with a random effects model as appropriate to perform meta-regression analysis (weighted by inverse variance) using mean study age as a continuous variable.
Age was considered the main potential source of variability in all meta-regression models. Study region was also investigated and the Variance Accounted For (VAF) factor used in metaregression models to indicate the proportion of total variance explained by these covariates. A covariate was considered a potential source of variability if p < .20. Unless otherwise stated, a p-value of <.05 was considered as statistically significant.
Results
Systematic review and meta-analysis: included/ excluded studies Figure 1 illustrates the study selection process and a summary of the reasons for exclusion. We identified 87 articles (85 studies, 95 separate age cohorts/datasets) containing data from healthy children from 1423 publications (after duplicates were removed) that met our inclusion or exclusion criteria (Table 1) . Thirty-eight studies were cross-sectional, 16 longitudinal (used first time point only), 25 case-control (control data used only), 4 experimental (sleep restriction or extension and 1 quasi-experimental comparing low stress versus high stress exam time; baseline data only used for these designs), and 2 randomized controlled trials. Studies were undertaken in 17 different countries across five different regions (Northern America, Europe, Asia, Middle East, South America, and Oceania). The number of children per dataset ranged from 20 to 515 (median 50) with a median gender M:F ratio of 1.0. Three studies used male participants only, one study female participants only, and in three studies the gender distribution was unstated. The age ranges were <4 years in 80 per cent of studies. Ten studies did not provide age range information, and thus, it was estimated from the standard deviation. In four studies, an estimated range could not be calculated. One author was contacted to confirm the age range [22] , one study was categorized as preschool, and two were infant studies with several other age points included allowing us to assume a narrow band [23, 24] . Thirty-five studies (41 per cent) gave an ethnicity breakdown; participants were predominantly Caucasian (median 69 per cent). Forty-three studies (50.5 per cent) stated the days of the week they collected actigraphy, nine studies stated that they only collected weekday data, usually Sunday or Monday to Thursday or Friday with one study stating that the 5 day data collection crossed the weekend. Few studies reported on whether or not the weekdays were school days.
Only one study did not report the actigraphy device [25] . Of the others, 36 (43 per cent) used Ambulatory Monitoring Inc. devices (Ardsley, New York), 30 (36 per cent) used Mini-Mitter devices (Phillips-Respironics, Bend, Oregon), 8 (10 per cent) used Cambridge Actiwatch (Cambridge, UK), 7 (8 per cent) reported using ActiGraph devices (ActiGraph LLC, Pensacola, FL), and three studies used other brands: Lifecorder (Suzuken, Nagoya, Japan), SenseWear (BodyMedia, Pittsburgh, PA), and Somnowatch (Somnomedics, Randersacker, Germany). Devices were mainly wrist-worn (ankle/shin in young infants), one arm [26] , and three were waist-worn [22, 27, 28] . One study compared waist and wrist data; wrist data only were used [29] . Variables incorporating waking were not extracted from waist-worn devices, given potentially poorer concordance with these wrist-worn outputs [29] . TST data from the arm-worn device were used because this device has been validated against PSG for TST [26] . Wherever applicable, sensitivity analyses were performed to determine the effect on mean estimates of excluding data from waist-worn devices. All variables extracted were related to overnight sleep, i.e. they did not include napping or 24 hr sleep data.
Meta-analysis: excluded studies
Eight stand-alone and one cross-sectional study contained data from infants aged 0-2 years and thus were excluded from the meta-analysis ( Table 2 ). Five were cross-sectional, two longitudinal, one case-control, and one randomized controlled trial. The 79 included studies are summarized in Table 3 .
Sleep variables
Forest plots for meta-analyses (overall data and stratified by age groups from 3 to 18 years) together with heterogeneity statistics are given in Supplementary Figures S1 to S8. Data from infants <3 years of age were not stratified by age group, because of the paucity of data to provide appropriate developmental bands. Overall study heterogeneity and inconsistency were significant and high for all actigraphy-derived variables as shown within the significance of the Q statistic (all p < .0001) and I 2 value (all >98 per cent). Thus, all models were analyzed using random effects. Summary statistics for meta-analyses are given in Table 4 . Where there were significant age-group effects, meta-regression results are given using 9-11 years age group data as the reference representing the mid-range, and comprising data pooled from the largest number of studies and participants across all sleep variables.
Overnight sleep duration
This was the most commonly reported actigraphy variable found in 57 (67 per cent) of all studies (0 to 18 years). Forest plots for the meta-analysis are illustrated in Supplementary Figure S1 and data summarized in Table 4 and stratified by the five age groups suitable for meta-analysis over 3 to 18 years. Age group alone contributed 67.5 per cent (F[4,45] = 25.3; p < .001) of the VAF to overnight sleep duration. The mean estimate for sleep duration at the reference age of 9-11 years (8.85 hr) was similar to the 6-8 year pooled estimate (8.98 hr) but significantly longer than the age 3-5 years age group and significantly shorter than the older age groups (Table 4) . Other age group comparisons revealed significantly longer overnight sleep duration amongst younger age groups (3-5 vs 6-8; p = .006), whereas the sleep duration at age 15-18 years was 39 min shorter compared with the 12-to 14-years-old data (p = .013). Sensitivity analyses omitting each of the three studies utilizing waist-worn devices [22, 27, 28] made very little difference to mean estimates (maximum difference; mean estimate 3 min longer in 3-5 years age group).
Total sleep time
Forest plots for the meta-analysis are illustrated in Supplementary Figure S2 and data summarized in Table 4 . Age group contributed 50.6 per cent (F[4,49] = 13.8; p < .001) of the VAF to TST. Mean estimates for TST at the reference age of 9-11 years (8.07 hr) were not significantly different to mean estimates for the 6-to 8-yearold data but shorter than the 3-5 years age group (Table 4 ). TST at the reference age was however significantly shorter than older age groups (12-14 and 15-18 years). Other age group comparisons revealed no significant differences in TST between age groups 3-5 and 6-8 years (p = .153) or between older age groups (12-14 years vs 15-18 years; p = .596). A sensitivity analysis removing data from the one arm-worn device [26] resulted in a trivial change to the mean estimate (0.6 min shorter for the 9-11 years age group).
Sleep onset
Fewer studies reported on this sleep variable although data were available across all age categories. There were only two studies in the 6-8 years age group for this variable; therefore, this age group was omitted from the meta-analyses (Table 4 , Supplementary Figure S3 ). Age group alone contributed 81.2 per cent (F[3,24] = 33.5; p < .001) of the VAF to sleep onset. Using 9-11 years as the reference group, the pooled mean estimate for sleep onset at 22:04 was 33 min, later than the 3-5 year age group, and significantly earlier than at older ages (12-14 and 15-17 years; 65 min and 82 min, respectively). There was no significant difference between sleep onset at 12-14 years and sleep onset at 15-18 years (p = .259). Two datasets came from waist-worn devices, both in the 9-11 years age group [27, 28] . Sensitivity analyses removing each in turn resulted in a negligible change to sleep onset (maximum 2 min earlier).
Sleep offset
Forty-four studies reported sleep offset time across the full age range, and 34 within the age groups for meta-analyses (Supplementary Figure S4 and considered a potential source of variability due to p < .20. In the 9-11 years age group, sleep offset occurred at a similar time (6:57 am) to the two younger age groups (Table 4) , and although sleep offset was earlier than the older age groups (20 and 24 min for 12-14 and 15-18 year age groups, respectively), the differences were not significant. Further between age group comparisons yielded no significant differences in sleep offset between the 12-14 and 15-18 years old (p = .780). Sensitivity analyses removing each of the waist-worn device data [27, 28] in turn (both 9 and 11 years age group) resulted in a negligible change to sleep onset (maximum 3 min later).
Sleep efficiency
Most studies reporting on sleep efficiency in this meta-analysis provided operative details; two studies were omitted because this information was not provided and attempts to contact the authors were unsuccessful [30, 31] . Across the full age range, 53 datasets (56 per cent) reported on sleep efficiency: 29 used TIB as the denominator and 24 used SPT. Pooling data for a cross-comparison could only be made between age groups 3 to 14 years because no datasets in the 15-18 year age group reported sleep efficiency using SPT as the denominator (Table 4) . By contrast, no datasets in children younger than 3 years used TIB as the denominator, whereas 7 used SPT (although this young age is not included in meta-analysis). Forest plots for sleep efficiency operationalized as a function of TIB and SPT from ages 3-14 are shown in Supplementary  Figures S5 and S6 , respectively. In meta-analyses, there were no significant age effects for either, and therefore, the pooled mean estimates represent the overall data and are estimated at 86.3 per cent where TIB is used as the denominator and 88.3 per cent when SPT was the denominator for ages 3-14 (Table 4) .
Sleep latency
Thirty-three datasets contributed to the pooled mean estimate for sleep latency from 2420 participants (Table 4 and Supplementary Figure S6 ). Age group did not contribute to the VAF (p = .261). Sleep latencies across studies ranged from to 3.8 to 45 min. There were no significant differences in the pooled mean estimates for any combination of age groups shown in Supplementary Figure S7 , suggesting this variable remains stable across the pediatric age range. The pooled mean estimate for sleep latency across all age groups was 19.4 min (95% CI: 16.6, 22.1).
Wake after sleep onset
Twenty-eight studies provided data related to WASO. The majority of data were contained to the 9-11 years age group. Age groups contained too few numbers (two age groups with n = 2) to reliably categorize by age. The pooled mean estimate across all ages was 55 min (95% CI: 43, 68) as given in Table 4 and Supplementary Figure S8 .
Nocturnal wake frequency
Studies rarely provided definitions of what determined a "waking bout" to enable the calculation of waking frequency, or were inconsistent; some studies stating at least 5 min of continuous awake were required to calculate a single bout, whereas others required at least 1 min. These inconsistencies precluded any meaningful pooling of data for this variable.
Weekday-weekend/nonschool day differences
Twenty-two datasets included data split by weekday and weekend or nonschool day, although four were excluded from metaanalyses because of the lack of data in their young age groups [32] [33] [34] [35] . All nonschool data were weekend data, excluding one study with data extracted from the start of a school vacation period [36] . The final dataset included 18 studies (asterisked in Table 3 ) with a mean age range of 9.4 to 16.2 years spanning three age categories (9-11, 12-14, and 15-18 years). Meta-regression analyses revealed no significant weekday-weekend differences in the 9-11 year age group for sleep duration, TST, sleep onset, or sleep offset (Table 5 ). For the 11-14 years age group, significant weekday-weekend differences were encountered for sleep offset and sleep duration only; children slept 40 min longer during the weekend compared with weekdays and woke 1 h 40 min later. The difference was made up by sleep onset being 52 min later at weekends but this difference did not reach significance (p = .099). Significant weekday-weekend differences for the 15-18 years age group were found across three of the four sleep (Table 5) .
Overall age-related trends
Age-related trends were also described using fractional polynomials across the full age range (0-18 years; studies summarized in Tables 2 and 3 ). These were calculated using the mean of the actigraphy sleep variable, and mean age and weighting (1/SE) for each study to derive the best-fit equation. Figure 2 shows the scatter plots and best-fit lines illustrating developmental patterns: the decline in sleep duration, TST, and sleep efficiency (TIB as denominator) with age, and later sleep onset and sleep offset with increasing age. Only those sleep variables with statistically significant relationships with age are shown in Figure 2 . Equations for the best-fit lines as a function of age and correlations for each sleep variable are given as follows: . R 2 0 12 = A significant (p < .001) negative curvilinear relationship between overnight sleep duration and age was found such that overnight sleep duration as shown in Figure 2 declines at the rate of approximately 5.0 min per year across ages 2 and 6, whereas a steeper decline is shown across ages 12 and 16 (approximately 17.5 min per year). TST followed a similar negative curvilinear pattern (p < .001). Across ages 2 and 6, TST declines at the rate of approximately 3.2 min per year, whereas between ages 12 and 16 years, the decline is at a rate of 10.9 min per year. Significant curvilinear associations between sleep onset time and age (p < .001) and between sleep offset time and age (p < .001) were found ( Figure 2 ). Using data points for sleep efficiency across the full 0-18 years age range, sleep efficiency was significantly negatively associated with age in a curvilinear fashion (p = .005) when TIB was used as the denominator in the equation for calculating sleep efficiency. No significant relationship existed when SPT was used (p = .076). 
Study region as a source of variability
Discussion
This study provides a comprehensive and systematic review of the literature (0-18 years), and meta-analysis of normative data (3-18 years; mean and 95% CIs) for seven key sleep variables commonly used in actigraphy across the pediatric age range: sleep duration, TST, sleep efficiency, sleep latency, sleep onset, sleep offset, and WASO. The results, we believe, will be useful to provide guidance around normal actigraphy values for nighttime sleep measures at any given age. The line equations provide a complementary summary of the age-related trends that may not be evident from age-stratifications alone, with the proviso that these data represent nighttime sleep only, and do not take into account daytime naps contributing to the 24 hr sleep pattern of infants and young children. As far as we are aware this is the only meta-analysis reporting sleep variables derived exclusively from actigraphy. A study published in 2004 analyzed sleep data from age 5 through to adolescence [40] comprised of just five actigraphy studies, and combined actigraphy data with PSG and sleep diaries/logs within the meta-analysis. Since that period, there has been significant growth in studies using actigraphy for sleep assessment. Forty-one studies that had included actigraphy in pediatric populations were identified by Meltzer et al. [15] in 2012, and there are considerably more 5 years on.
Our study results confirm the inverse relationship between overnight sleep duration, TST, and age across the pediatric age range reported within other meta-analytic reviews using combined PSG and actigraphy, or parent-report [39, 40] . The pooled estimate for sleep duration in the 3-5 years age group was 9.68 hr, with the caveat that this was nighttime sleep duration [41] and National Sleep Foundation (NSF) [42] guidelines of 9-11/12 hr for children aged 6 to 12 years, and 8-10 hr for teenagers. As far as we are aware, although actigraphy data have been used amongst the relevant scientific literature guiding sleep recommendations, the majority of studies examined in the AASM guidelines at least have been from parental report [41] . Given studies comparing actigraphy with parent-reported sleep have consistently found that parents overestimate their child's sleep [12, 23, 32, 43] , it is not surprising that the pooled estimates fall short of the recommendations. This parental overestimation can also be demonstrated between meta-analytic data; calculations using the best-fit equations for overnight sleep duration derived from parent report [39] versus actigraphy data from this study demonstrate that parent reports overestimate overnight sleep duration by 53 and 25 min in 5 and 7 years old, respectively, with a small difference calculated for 10 years old. It is important to note, however, that because outcome measurements such as daytime function have not been examined, it is not possible to infer that these normative values reflect sleep need, nor are they sufficient to guide sleep recommendations. The scientific literature guiding sleep recommendations is based around good or healthy sleep outcomes to promote optimal health in children. Extracted data in this study were not examined in relation to good or healthy outcomes for actigraphy measures. Rather, these data provide valuable information on typical nighttime sleep in normal children and adolescents as measured by actigraphy. We anticipate that these data will help our understanding of changes in actigraphy nighttime sleep variables that occur as children age and guide research utilizing actigraphy in large population studies.
Sleep onset data showed typical developmental trends across the age groups with later onset observed with increasing age. Sleep offset across most age groups remained relatively stable across younger age groups with a tendency for later sleep offset in older age groups; 20 to 24 min later in 12-14 and 15-18 years age groups, respectively, compared with the 9-11 years age group confirming self-report data of sleep timing across similar age groups [44] . These differences could reflect later start schedules as adolescents transition into later schooling years or college [45] , or a predominance of later sleep offset at weekends since our pooled mean estimates combine both weekday and weekend data. A subgroup of 17 studies (18 datasets) provided weekday-weekend data splits spanned across ages 9.4 to 16.2. No weekday-weekend differences were evident in the 9-11 years age group, but the 12-14 years data supported the emergence of a teenage shift in sleep habits with significantly later sleep offset at weekends, and a nonsignificant tendency towards later sleep onset at weekends. Clear differences were found in older adolescents (15-18 years) , where at weekends, both sleep onset and offset times were later and sleep was longer compared with the weekday. The finding was typical for this age group where there is a well-recognised biological shift in sleep preference to go to bed later and to wake much later than their adult and or child counterparts [46, 47] .
Sleep efficiency was operationalized in two ways, with some using TIB as the denominator, and others' SPT. Both definitions are recognized in actigraphy and PSG recordings, although recommendations for consistent operational definitions have recently been made particularly in recognition of the fact that TIB, before sleep onset, does not always include sleep-related activities [48] . For pediatric actigraphy, Meltzer et al. [15] recommend that the denominator in the sleep efficiency equation be TIB as the primary operative, and SPT be used as an alternative. The TIB variable relies on the operator (in most cases, parents) to log the time or use the actigraphy event marker. This disqualifies studies not recording or omitting the TIB measure, for example, studies using fully automated algorithms for analyzing large-scale research studies [49, 50] . Thus, use of SPT in defining sleep efficiency remains a practical alternative but accurate reporting is critical for evaluating and comparing studies. The pooled mean estimates of sleep efficiency using both operative definitions (86.3%-88.3%), and up to age 14 years inclusive, are within the range as recommended by the recent NSF evidence-based recommendations of good sleep quality across the lifespan [51] . However, using continuous data within the full dataset from infancy up to age 18 years, we found a significant negative curvilinear relationship between sleep efficiency and age when the operating definition for sleep efficiency was TIB. No such relationship existed when SPT was used, although no data were available beyond 15 years. The lower values of sleep efficiency in the later teenage years fit with what we know about adolescent sleep architecture. Across adolescence, EEG changes occur as a function of age and pubertal development resulting in less slow wave sleep (N3) and more lighter stages of sleep (N1, N2, and REM sleep) [52] . Within actigraphy, these lighter stages with more motor activity could render more sleep epochs misclassified as wake, providing a potential explanation for the lower sleep efficiency recorded by actigraphy in adolescents' sleep.
The data documented here support stability of sleep latency across the child and adolescent age range described previously in meta-analytic studies by Ohayon et al. [40] . The study by Ohayon et al. [40] collated sleep variable estimates across all ages from age 5 and found that sleep latency increased modestly but significantly across the lifespan, but apparent only when data from young adults were compared with older adults.
The recent NSF sleep-quality recommendations include a sleep latency of ≤15 min as an appropriate measure for indexing good sleep quality across all pediatric age groups [51] . Sleep latencies between 16 and 30 min were judged to be good sleep quality, and latencies 45-60 min indicative of poor sleep quality. In the current study, our pooled mean estimate of 19.4 min from 3 to 18 years and collated from studies of healthy individuals fits within these recommendations.
Although the region of origin is considered a likely source of data variability given several studies have reported regional differences in a variety of sleep parameters [10, [37] [38] [39] , our data did not support this. A meta-analysis of subjectively reported sleep duration in adolescents showed a tendency towards shorter sleep duration in studies from Northern American countries compared with those of European origin, and Asian adolescents' bedtimes were later than peers from North America and Europe resulting in less TST on school nights [10] . Notably, few cohorts from Asia contributed to our dataset (5/85, 6 per cent) and the majority were from Japan. This contrasts with the meta-analysis of subjectively reported data where Asian studies represented 20 per cent (7/34) of the dataset and included samples from five Asian countries [39] . In that meta-analysis, significantly shorter sleep duration was found in studies originating from Asian as opposed to Caucasian/non-Asian countries, the reasons for which remain unknown. Thus, inclusion of more samples from Asia in this meta-analysis may have changed pooled estimates of sleep. The actigraphy variable of WASO generated variable data and the frequency of waking data could not be reliably pooled due to a lack of consistency in how waking bouts were defined. From earliest records [53] , WASO is one of the least accurate of actigraphy measures with a wakefulness detection specificity of less than 60 per cent in more than half of pediatric validation studies [15] . This translates to errors across many sleep-wake parameters. Although 7 day actigraphy protocols are recommended to obtain at least five nights of useable data [54] , not all achieved this. A major challenge, particularly in younger age groups, is the need for parents to concurrently complete daily diaries. These data are needed to document bed times and rise times as well as artifact (nonwear time, periods of inactivity), in order to assist scoring programs. Not only is this challenging to comply with [55] , separate sleep places commonly practised within western societies make this a difficult task. There may also be unique challenges to the reliability of actigraphy measurement in respect of gender. In particular, boys of younger and adolescent age groups have been found to move more during sleep than girls [56, 57] , leading to inflated WASO (relative to PSG measurements) [58] .
Although all age ranges and both genders were well represented in the present review, not enough studies reported gender separately to evaluate gender differences. Although small gender differences in sleep patterns have been reported in adolescents through both subjective and objective assessments [57, 59, 60] , the evidence for clear gender-based differences in sleep patterns in younger school-aged children prior to the onset of puberty is less consistent. Some survey study results suggest that girls may need more sleep than boys [61, 62] , or that gender sleep patterns may differ only on nonschool nights [63] . Studies considered or included in this meta-analysis that addressed gender reported no differences in actigraphy-derived sleep variables of TST, sleep efficiency, and sleep latency in children aged 5-12 years [64] , nor in sleep duration (which includes wake epochs) in 8-10 years old [65] . By contrast, one study found significant gender differences in sleep duration and sleep efficiency in 6-10 years old (boys had 15 min longer sleep duration, but poorer sleep efficiency; 82 per cent boys vs 85 per cent girls) [66] . Another study in adolescents aged 13 to 16 years found that there was no effect of gender on sleep onset, sleep offset, or sleep duration [67] . However, the most comprehensive actigraphy study addressing gender conducted by Gaina et al. [68] in 13-to 14-years-old Japanese children found several differences including lower sleep efficiency in boys on both weekdays and the weekend, and shorter TST on weekends. Further objective studies are required in this area to truly understand gender differences in sleep patterns and potential underlying factors as currently the literature appears contradictory. Socioeconomic status and race/ethnicity would be worthwhile to investigate in future studies as others factors that moderate the relationship between sleep and age. Furthermore, as the adolescent age range crosses pubertal development, tighter age bands are recommended to further clarify gender differences.
There were inherent limitations in this systematic review and meta-analysis. Although many studies of healthy individuals and across several different age ranges and cultures were included, interpretation of the mean estimates is limited by the failure to be able to control for important confounders such as ethnicity, sex, socioeconomic status, and family factors. The data must be interpreted as applicable to nighttime sleep only.
Twenty-four hour sleep-wake actigraphy recordings are rare; thus, the mean estimates may underestimate daily sleep-particularly in infants and younger children with considerable daytime napping. Most studies included were nonrandomized and consequently stratification by key confounders was inconsistent. Also, there was substantial study heterogeneity, but it was not possible to investigate other major potential sources of variability beyond age and region. Within the technology itself, different instruments, sensitivity settings, device placement, and scoring algorithms used to derive actigraphy data would also contribute to study heterogeneity. For waist-worn devices, differences with wrist actigraphy have been noted with variables incorporating waking indices [29] , and for that reason, those data were not extracted. Furthermore, sensitivity analyses made very little difference to any of the mean estimates incorporating waist-or arm-worn devices.
Other limitations include the strategy used to combine two reported subgroups into a single group (e.g. studies that only provided weekday and weekend data separately, or male and female data separately) using the pooled standard deviation. Although this strategy is recommended, it does provide a slight underestimate of the desired standard deviation [16] . Furthermore, although calculating a pooled mean estimate for each sleep variable by age group was a practical way to estimate differences, it did come with potential limitations due to the small number of studies in some age groups, and the random-effects analysis, where our estimate of the error may itself have been unreliable. Related to this, we were unable to include infants aged 0-2 years in the meta-analysis due to the limited number of studies and the dramatic and rapid changes in sleep over this developmental period. For the majority of studies, actigraphy nighttime sleep estimates were collected at one point in time. Few longitudinal studies were extracted from the literature search, and data from only one point of time could be included in the meta-analysis to minimize bias. A qualitative assessment of the studies included in this meta-analysis was not deemed possible given the heterogeneity of study designs. Data were extracted specific for the objectives of the meta-analysis and were not always the objectives of the original studies. Finally, some of the early age-category datasets and weekdayweekend or nonschool days pooled data from just three studies. Although this is acceptable within meta-analytic techniques, four studies are recommended before a meta-analysis for an outcome in a systematic review settles to reach 10 per cent of the final estimate [69] . However, our inclusion of the curvilinear fits and bubble plots provide a way of overcoming the limitations of the age stratifications in the meta-analysis.
We identified other shortcomings that need addressing in the literature. In particular, more studies are required within the younger age groups where the data up to age 3 were scarce, and from more regions across the globe, particularly Asia. More prospective large-scale longitudinal studies are required to provide richer sources of data and may represent a better estimate to reduce heterogeneity evident within this meta-analysis. We recommend that future studies report weekend and weekday data, as well as the combined data. Similarly, studies reporting data from males and females should report the data separately and combined to aid future meta-analyses and to better understand the discrepancies related to these factors. Although all studies required at least one sleep variable of interest to be included in this review, the majority failed to report all key sleep actigraphy variables, highlighting a further area of improvement in reporting standards to include all key variables in research reporting, similar to recommendations for individual actigraphy reports [70] .
In conclusion, to the best of our knowledge, this is the largest meta-analysis to establish actigraphy-derived normative values for overnight sleep parameters across the pediatric age range (3-18 years) , and the first to include children younger than 5 years of age. Results can be generalized to healthy pediatric populations to assist the interpretation of actigraphy measures in recordings from individuals, and be useful for research purposes. The review has also defined the extent of the research and highlighted gaps in the literature and areas for further improvement to enable a better understanding of sleep across development, and across different cultures and ethnicities. Finally, it is well known that the pediatric actigraphy field lacks established rules and standards for sleep measurement [15] . The variability in data encountered in this study highlights a need for that to occur.
